A visual hemifield experiment investigated hemispheric specialization among hearing children and adults and prelingually, profoundly deaf youngsters who were exposed intensively to Cued Speech (CS). Of interest was whether deaf CS users, who undergo a development of phonology and grammar of the spoken language similar to that of hearing youngsters, would display similar laterality patterns in the processing of written language. Semantic, rhyme, and visual judgement tasks were used. In the visual task no VF advantage was observed. A RVF (left hemisphere) advantage was obtained for both the deaf and the hearing subjects for the semantic task, supporting NevilleÕs claim that the acquisition of competence in the grammar of language is critical in establishing the specialization of the left hemisphere for language. For the rhyme task, however, a RVF advantage was obtained for the hearing subjects, but not for the deaf ones, suggesting that different neural resources are recruited by deaf and hearing subjects. Hearing the sounds of language may be necessary to develop left lateralised processing of rhymes.
Introduction
Over the last decades, the paradigm of visual hemifield presentation has been successfully employed to investigate the differences between the left and right hemispheres in processing written words and other linguistic stimuli. This paradigm is based on the anatomy of the human visual system. The nerve fibers carrying information about stimuli presented in the right visual hemifield (RVF) project to the visual cortex of the left cerebral hemisphere, while the fibers carrying information about stimuli presented in the left visual hemifield (LVF) project to the visual cortex of the right cerebral hemisphere. Provided that a person is forced to fixate the center of the presentation screen, it is thus possible to present words to the desired hemisphere.
Our interest in the visual hemifield paradigm derives from the information it may provide about lateralization patterns in written word processing by deaf individuals. We ask here whether a group of deaf youngsters who have been exposed to Cued Speech (CS) and who are skilled readers display a left hemisphere advantage in processing semantic and phonological information under conditions in which hearing readers do show such an advantage.
At present, there is no clear empirical evidence of left hemisphere advantage for written word processing by deaf youngsters. Hemifield paradigm studies have shown either a left hemispheric advantage, a right hemispheric advantage, or no hemispheric advantage at all (see Conrad, 1979; DÕHondt, 2001; Gibson, 1988 for reviews) . For example, in Sanders, Wright, and EllisÕs (1989) study, a RVF (left hemisphere) advantage was obtained for semantic judgment on the part of hearing subjects, while a LVF (right hemisphere) advantage was obtained on the part of profoundly deaf subjects who were exposed to total communication. By contrast, Panou and Sewell (1984) observed a RVF advantage in both hearing and deaf who were native signers, and Wilson (1983) obtained the standard RVF advantage for the hearing subjects, and no VF advantage for deaf educated with sign language. In the majority of these studies investigating hemispheric specialization in the deaf, auditory deprivation and linguistic deprivation were confounded (Conrad, 1979; Marcotte & Morere, 1990) : deaf subjectsÕ lack of knowledge of the grammar and phonology of the language may explain their abnormal laterality patterns.
Indeed, Neville (1991) hypothesized that the acquisition of competence in the grammar of language, including both phonological and syntactic processing, is important in establishing the specialization of the left hemisphere for language. In her research, deaf subjects who scored well on tests of English grammar and who had good knowledge of English phonology displayed the normal pattern of specialization of the left anterior brain regions during the reading of English, while deaf subjects who have not fully acquired the grammar of English do not display the normal pattern.
We report here the first study of a research program exploring the hemispheric specialization of profoundly, prelinguistically deaf youngsters who were exposed systematically to CS. CS, developed by Cornett (1967) , is neither a language nor a manually coded system that uses signs from sign language in English word order. CS is rather a mode of communication for visually conveying traditionally spoken languages at the phonemic level, i.e., the same linguistic level conveyed via speech to hearing individuals. The French form of CS, called Langage Parl e e Compl e et e e (LPC), uses eight hand shapes corresponding to groups of consonants and five hand placements around the face to convey vowels. Phonemes that are easily distinguishable by speech reading are coded by the same hand shape (e.g., /p/, /d/, /Z/) or at the same place (e.g., /i/, /~ cc /, /Ã A/). Conversely, phonemes that have similar lip shapes are coded with different hand shapes (e.g., /p/, /b/) and places (e.g., /u/, /~ cc /). Information given by the cues and information given by speech reading is thus complementary. The different hand placements and hand shapes, combined with the mouth shapes, clearly distinguish the 40-or-so phonemes of French. For example, the six French monosyllabic words /pa/, /ba/, /ma/, /pÃ A/, /bÃ A/, and /mÃ A/ are visually indistinguishable without voice for hearing individuals or without cues to the deaf individuals; however, they are readily differentiated when cued. As CS distinguishes between and among the 40-or-so phonemes and the resulting syllables, cueing also provides access to phonology, morphology, lexical information, and syntactical information for spoken language.
Comparing hemispheric specialization for language processing in youngsters raised with CS with that displayed by normally hearing subjects provides a tool with which to test NevilleÕs hypothesis. Children whose parents use CS to communicate with them from an early age are exposed to a linguistic input that is fully accessible and formal. They undergo a normal development of phonology and grammar of the spoken language (Alegria, Charlier, & Mattys, 1999; Hage, Alegria, & P e erier, 1991; Leybaert, 2000; Leybaert, Alegria, Hage, & Charlier, 1998; Leybaert & Charlier, 1996; Leybaert & Lechat, 2001b; Nicholls, 1982; P e erier, Charlier, Hage, & Alegria, 1988) . Before going further, it is necessary to precise what is meant by ''phonology'' in the CS-users. Contrary to a still widespread myth, phonological development is not exclusively dependent on the auditory modality because phonological representations do not correspond to surface features of speech. Phonological representations are of an abstract nature, representing the ''meaningless primitives out of which meaningful units are formed'' (Hanson, 1989, p. 73) . Recent studies support the hypothesis that phonological segmental information could be obtained by deaf people through sensorial modalities other than audition, mainly through speech reading (Campbell, 1997; Dodd, 1976) . However, phonological information contained in visual speech reading is poorer, scarcer, and less precise than information based on auditory inputs for hearing people because many phonemes have similar labial images or no labial correlates. Deaf children exposed to CS early and intensively, who constitute a minority among the deaf community, constitute an exceptional case, in that they acquire a rich and precise phonological system, allowing them to perform accurately rhyming tasks (Charlier & Leybaert, 2000; La Sasso, Crain, & Leybaert, in press) .
In this context, demonstrating that the lateralization pattern displayed by CS users is similar to that displayed by hearing subjects would support NevilleÕs hypothesis. It would also mean that the modality difference is not determinant in the emergence of hemispheric specialisation. On the other hand, if CS users display a different pattern of specialization than hearing subjects, one could conclude that the acquisition of the grammar and phonology of a language is not a sufficient condition to entail left hemisphere specialization for the processing of written language, which could require auditory experience to develop in the usual way. When we state that CS-users develop functionally efficient phonological and metaphonological skills, we are not making a strong claim that they use the same information as that used by hearing people. For the moment, we leave open the question of whether the phonological system of CS users is based more on the visual cues attached to the lexical items, while the phonology acquired by hearing people could be more based on sound (see Leybaert & Lechat, 2001a) .
We used a simple paradigm in which subjects determined the relationship between two sequentially presented stimuli: a standard presented in the center of the screen, and a target briefly presented in the left or the right visual field. Three tasks were designed, two of which required linguistic processing. The linguistic tasks tested two abilities (semantic judgement and rhyming judgement) that could be affected differently by early linguistic experience.
In the semantic judgement task, subjects decided whether two sequentially presented written French words belonged to the same semantic category (JUS-THE; juice-tea) or not (EAU-CRI; water-cry). This task requires the standard word to be held in working memory. The appearance of the target word initiates the search for a semantic category common to the standard and the target. Using this approach, an RVF advantage for semantic judgment tasks concerning written words has been repeatedly demonstrated in hearing subjects (Abernethy & Coney, 1996; Hines, Sawyer, Dura, Gilchrist, & Czerwinski, 1984; Klein & Smith, 1985; Nieto, Hernandez, Gonzalez-Feria, & Barroso, 1990; Urcuioli, Klein, & Day, 1981) . Evoked potentials studies have shown that semantic processing is quite stable across different linguistic experiences. Hearing subjects and deaf subjects who were native signers display the same kind of responses to content words when reading sentences, while their responses to function words differ greatly (Neville, Mills, & Lawson, 1992) . We thus expected to observe an RVF advantage in both hearing and deaf subjects.
The second linguistic task involved a rhyming judgment. In this task, subjects decided whether two sequentially presented written words rhymed (LIEUE-FEU; stone-own) or not (VIEUX-VUE; dare-free). This task requires the phonological representation of the standard word to be retrieved and held in working memory, and the rhyme constituent of the standard to be identified. The target word must then undergo similar processing. Finally, the rhyme constituent of the standard must be compared to the rhyme constituent of the target. The rhyme portion was spelt differently in nearly all the pairs, in order to avoid deaf subjects using a common strategy, which consisted that they based their decision on orthographic similarity (see Campbell & Wright, 1990; Charlier & Leybaert, 2000; Hanson & McGarr, 1989) . In addition, the orthographic similarity between standard and target was held constant across rhyming and non-rhyming pairs. In hearing subjects, rhyme judgment tasks concerning written words are better accomplished by the left hemisphere (Grossi, Coch, Coffey-Corina, Holcomb, & Neville, 2001; Rayman & Zaidel, 1991) , and induce strongly lateralised responses within the cortical regions located around the Sylvian fissure in the left hemisphere (D e emonet et al., 1992 , D e emonet, Price, Wise, & Frackowiak, 1994) . Because the rhyme detection task generates robust responses in the left hemisphere language areas, simple fMRI rhyme detection task has been used to assess hemispheric predominance for language in epileptic patients (Baciu et al., 2001 ). At present, there is neither behavioral data nor imagery data about deaf peopleÕs lateralization pattern in rhyme judgment. Provided that we succeed in matching our deaf subjects to the hearing controls with regard to the ability to make rhyming judgments (see below), two outcomes are possible. A pattern of left hemisphere superiority in both groups would indicate that phonological processing is more effectively performed by the left hemisphere, independently of differences in language modality. In contrast, a different pattern of lateralization in deaf and hearing subjects would indicate that the circuits recruited for rhyme judgement are not the same in the two populations, and that hearing speech may be necessary for the development in the left hemisphere of neural systems involved in the matching of phonological information derived from written words.
The third task involved a visual identity judgement task of letter strings: subjects decided whether two sequentially presented sequences of the same letter were physically the same (Eeee-Eeee) or not (Eeee-eeeE). This task requires the standard sequence to be held in working memory, and compare it to the target. No linguistic processing is required to perform this task, which could involve a similar performance of both hemispheres (Jordan, Patching, & Milner, 2000; Pugh et al., 1996) or even an advantage of the right hemisphere (Brand, VanBekkum, Stumel, & Kroeze, 1983; Marsolek, Kosslyn, & Squire, 1992) . No difference between deaf and hearing subjects was expected.
These three tasks were first administered to 11-yearold hearing children and to hearing adults in order to investigate to what extent left hemisphere specialization for semantic and phonological processing was stable across this range of age, reading level, and linguistic competence (see Grossi et al., 2001 for evidence about increasing lateralization of visual language-related processing with increasing age). In a second step, these tasks were administered to a group of deaf CS-users, who were compared to hearing controls, individually matched with the deaf as closely as possible in terms of reading level, sex, age, and linguistic competence.
Methods

Materials
Materials consisted of pairs of stimuli. Each pair was composed of a stimulus presented centrally (hereafter: standard), and a stimulus presented laterally (hereafter: target). Half of the targets were presented in the LVF and the other half in the RVF. In the rhyme and semantic conditions, words were used as stimuli. Standard stimuli varied from 3 to 6 letters, and targets varied from 3 to 5 letters. In the visual condition, all stimuli were composed of 4 letters.
Rhyme task
There were 80 pairs of words in the rhyme task. Half were rhyming and half were not. Each target was paired with another target with the same response but presented in the opposite visual field. For instance, the target FEU (pronounced /foe/), presented in the LVF and rhyming with the standard LIEUE (pronounced lyoe) was paired with the target JEU (pronounced /Zoe/), presented in the RVF and rhyming with the standard NOEUD (pronounced /noe/). The same target was also paired with another target, presented in the same visual field, but for which the response was different. For instance, the target FEU, from our example, was also paired with the target VUE (pronounced /vy/), presented in the LVF and non rhyming with the standard VIEUX (pronounced vjoe). Similarly, JEU (pronounced /Zoe/) was paired with the target RUE (pronounced /R R y/), presented in the RVF, and non rhyming with the standard QUEUE (pronounced /koe/, see Appendix A for the complete stimulus list).
This pairing of words was based on length, frequency and number of letters shared with the standard. There were two measures of frequency. First was the class of frequency of written language use, computed from BRULEX, a database containing approximately 30 000 French words (Content, Mousty, & Radeau, 1990) . Second, a subjective frequency in everyday language use was evaluated by 21 judges on a five level scale ranging from very rare (1) to very frequent (5). Targets that were rhyming and targets that were not rhyming with standard, and targets that were presented in the two visual fields were comparable for these two measures of frequency and for the number of letters shared with the standard. Table 1 summarizes this data. To minimize the risk of the participant basing his or her judgement on orthographic similarities, rhyming pairs were orthographically different in all cases but two.
Semantic task
There were 80 pairs of words in the semantic task. For half of the word pairs, the standard and the target shared the same semantic category (e.g., the standard LAPIN [rabbit] and the target RAT [rat] belong to the category of animals). For the other half of pairs, they did not share the same category (e.g., the standard LAIT [milk] and the target COL [collar] do not belong to the same category). The same pairing as in the rhyme task has been used with regard to word length and frequency (see Table 1 ).
Visual task
There were 60 pairs of four letter strings in the visual task. All pairs consisted of the same letters. Three different letters were used (i.e., A, E, and R). In half of the pairs, the standard was identical in case variation to the target (e.g., the standard ''Aaaa'' followed by the target ''Aaaa''). In the other half, the standard and target differed (e.g., the standard ''Eeee'' followed by the target ''eeeE''). A similar task was used by Pugh (Pugh et al., 1996; Pugh et al., 1997) . Target stimuli were presented once in the RVF and once in the LVF.
Procedure
Words were presented on a 40 cm monitor. The participants sat at a distance of 80 cm from the computer screen, with their head in a chin rest. The inner edge of the target was at a distance of 1.6 cm from the digit of central fixation. This corresponds approximately to a visual angle of 1.1°. The maximum angle sustained by the outer edge was 1.4°.
Each trial was composed of a stimulus (the standard) presented in the center of the screen for 1500 ms, followed by an asterisk which appeared in the center of the screen for 1000 ms. After this, two simultaneous events occurred: a digit (6, 4, or 2) appeared centrally, and the target was presented on its left or right, randomly, for 175 ms. The participant had 3000 ms to respond to the target with a key press and to report the digit orally. The interstimulus interval lasted for 3000 ms. These timing characteristics were established in advance, on the basis of pilot studies on a small group of deaf and hearing children. In the rhyme task, the participant had to decide whether the two stimuli were rhyming or not. In the semantic task, he or she had to decide whether the two words belonged to the same semantic category. Finally, in the visual task, he or she had to decide whether or not the two stimuli were visually identical. The participant had to press the response key in the direction of the computer for ''yes'' responses, and in his or her own direction for ''no'' responses. The correct repetition of the digit ensured that the participant effectively fixated the center of the screen. The order of the key response to the target and the repetition of the digit was not constrained by the paradigm. A control experiment, in which subjects were told to respond first to the target word and then to the digit confirmed that this situation did not affect the results (see Appendix B). These stimuli sequences were displayed by the MEL program (Schneider, 1988) . A training block of 24 items preceded each experimental task. This training block could be repeated if necessary. Each experimental task consisted of two blocks of equal numbers of items, separated by a short break. The order of the three tasks was counterbalanced across participants. In addition, two versions of the rhyme and semantic tasks were constructed. The words that appeared in the right visual field in the first version were presented in the left visual field in the second version, and vice versa. Half of the subjects were shown the first version, and the other half were shown the second version.
After the participant completed the experiment on the computer, his or her reading abilities were measured by a cloze reading test, the Lobrot test (Lobrot, 1973) , where he or she had to choose the correct word to complete the cloze, and by a paper-and-pencil timeconstrained lexical decision task of 100 items, with a maximum duration of 90 s. The participant was also asked once again to give his judgement on the experimental material of the rhyme and of the semantic conditions, but this time in a paper-and-pencil test. The experiment lasted 1 h and 30 min, or two sessions of 45 min, depending on the time available for the subjects.
Participants
All participants were right-handed. In a laterally questionnaire, they reported using the right hand for least 11 of 15 everyday life activities. They reported having either no vision problem or having corrected vision.
Hearing participants
All hearing participants were native French speakers. The group of hearing adults was composed of university students who reported no history of hearing impairment. They were either paid or received course credit for their participation.
A group of hearing children was also recruited. They received a reward for their participation in the experiment. All of the children attended a regular state elementary school. Table 2 (upper section) displays the characteristics of the hearing participants.
Deaf participants and their hearing controls
Youngsters who were congenitally and profoundly deaf were recruited. The hearing loss of each deaf participant was quantified using the oldest audiogram available. The mean hearing loss in the better ear of the deaf group was 104 dB HL (range: 90-125 dB), averaged over the frequencies 500-1000-2000 Hz. Twelve participants wore hearing aids, and two had a cochlear implant. Ten of the participants were mainstreamed in schools for hearing youngsters with the help of a CS interpreter, while the other four attended a school for the deaf which used CS-based communication. All deaf participants had hearing parents. For eight of the deaf participants, CS had been used regularly at home and at school since the mean age of 15 months, and for the other six, CS had only been used at school and in a speech therapy context since the mean age of 59 months. It appeared from the analyses of results that the home CS users and the school CS users performed at a similar level in the control and the experimental tasks. Therefore, the results will be reported for the whole group of CS users.
Fourteen hearing participants were selected from among the groups of adults and children described above. Each hearing participant was matched as closely as possible to a deaf participant with regard to age, sex, reading level, and performance on the paper-and-pencil tests (see Table 2 ).
Results
Experimental tasks
Mean percentages of correct responses were calculated for ''yes'' and ''no'' responses in the two visual hemifields, for the three tasks. Mean reaction times (RT) for correct responses were also computed but are not reported here. Indeed, RT analyses were mostly noninformative (i.e., showing no significant effect) or redundant with analysis of accuracy (i.e., RT effects were mostly going in the same direction). Items for which the digit was not correctly reported were excluded from statistical analysis of accuracy. These represented 2.3% of the data for the rhyme task, 2.5% for the semantic task and 1.9% for the visual task.
The data were first analysed in two overall ANOVAs with repeated measures on Tasks (Semantic, Rhyme, and Visual), Laterality (RVF and LVF), and Response (yes and no). In the first analysis, hearing children were compared to hearing adults. In the second analysis, the deaf participants were compared to their hearing controls.
The first analysis yielded a significant effect of Laterality, F ð1; 48Þ ¼ 27:24; p < :001, and a significant interaction between Laterality and Task, F ð2; 96Þ ¼ 11:21; p < :001. The second analysis yielded a significant Laterality effect, F ð1; 26Þ ¼ 12:08; p < :005, and significant interactions between Group and Laterality, F ð1; 26Þ ¼ 5:16; p < :05, and Task and Laterality, F ð2; 52Þ ¼ 3:35; p < :05. Because of the significant interactions appearing in the two analyses, we decided to pursue the analysis of each task separately.
For each of the three tasks, two 2 Â 2 Â 2 analyses of variance were conducted on accuracy, with Laterality (RVF and LVF) and Response (yes and no) as the within subjects factor, and Group as the between subjects factor. In the first analysis, hearing children were compared to hearing adults, In the second analysis, the deaf participants were compared to their hearing controls.
3.1.1. Semantic task Table 3 shows the mean percentage of correct responses for ''yes'' and ''no'' responses, for each visual hemifield, and for the hearing children and adults (upper section) and the deaf CS users and their hearing controls (lower section). Ninety-five percent confidence intervals have been computed around each of these means. All these intervals excluded the 50% value, corresponding to chance level, but one (''yes'' responses in LVF in hearing children).
The analysis comparing hearing children and hearing adults yielded significant main effects of Group, F ð1; 48Þ ¼ 53:11; p < :001, and of Laterally, F ð1; 48Þ ¼ 27:44; p < :001. Hearing adults performed better than hearing children (M: 83 and 62%, respectively), and performance was higher when targets were presented in the right visual field (M: 77%) than when presented in the left visual field (M: 68%). The main effect of response was nonsignificant, F ð1; 48Þ ¼ 1:99. There was a significant Laterality by Response interaction, F ð1; 48Þ ¼ 11:63; p < :001. Planned comparisons showed that a significant Laterality effect occurred for ''yes'' responses, Correlations were computed between the difference in percentage of correct responses in the right versus the left visual hemifield for ''yes'' and ''no'' responses considered together (Laterality effect), and the various control measures (Lobrot reading score, performance on the paper-and-pencil semantic task, age of the participants). None of these correlations were significant.
To sum up, hearing children achieved a lower accuracy rate than adults. Better performances were obtained for targets presented in the right visual field than for those presented in the left visual field. This LH advantage was constant across age groups, and was present for ''yes'' responses, and, to a lower extent, also for ''no'' responses.
The analysis comparing deaf CS users and their hearing controls revealed a main effect of Laterality, F ð1; 26Þ ¼ 18:99; p < :001, the RVF giving rise to more correct responses than the LVF (75 and 68%, respectively). There was no effect of Response, F ð1; 26Þ ¼ 1:62; p > :05, and no effect of Group, F ð1; 26Þ ¼ 2:57; p > :05. No interaction was significant. There was no significant correlation between the Laterality effect and any of the control variables (Lobrot reading score, age, performance on the paper-and-pencil task). In summary, the data of the deaf participants were indistinguishable from that of their hearing controls; the LH advantage was similar in both groups. Table 4 shows the mean accuracy for ''yes'' (i.e., rhyming) and ''no'' (i.e., non-rhyming) responses for each visual hemifield, and for the hearing children and adults (upper section) and the deaf CS users and their hearing controls (lower section). Ninety-five percent confidence intervals have been computed around each of these means. All these intervals excluded the 50% value, corresponding to chance level, but two (''yes'' responses in LVF in hearing controls and in deaf CS-users).
Rhyme task
The analysis comparing hearing children and hearing adults yielded significant main effects of Group, F ð1; 48Þ ¼ 36:36; p < :001, of Response, F ð1; 48Þ ¼ 13:43; p < :001, and of Laterality, F ð1; 48Þ ¼ 30:18; p < :001. The Group by Response interaction was also significant, F ð1; 48Þ ¼ 5:97; p < :05: childrenÕs performance was similar for rhyming (M: 64%) and non-rhyming responses (M: 67.5%), while adultsÕ performance was lower for rhyming (M: 78%) than for non-rhyming (M: 93%) responses. The Laterality by Response interaction was also significant, F ð1; 48Þ ¼ 30:53; p < :001. Planned comparisons showed a better performance for targets presented in the right visual field than in the left visual field occurred for rhyming responses, F ð1; 48Þ ¼ 52:12; p < :001 (M ¼ 79% RVF and 63% LVF), but not for non-rhyming responses, F ð1; 48Þ < 1 (M ¼ 80:5% RVF and 80% LVF). There was no Laterality by Group, nor Laterality by Response by Group interactions.
In order to achieve a better understanding of the abilities associated with the Laterality effect, correlations have been computed between the Lobrot reading score, the performance on the rhyme paper-and-pencil task, subjectsÕ age, and the difference between percentage of correct responses in the right versus the left visual hemifield for rhyming responses (the Laterality effect). The correlation between Laterality effect and performance on the paper-and-pencil control task was marginally significant, rð49Þ ¼ :24; p ¼ :058. When age was controlled for, this correlation remained approximately the same, r ¼ :25; p < :09.
In summary, subjects were more accurate with nonrhyming than with rhyming words. The LH advantage was present for rhyming responses, but not for nonrhyming responses. Hearing children performed similarly for rhyming and non-rhyming pairs, while adults performed better for non-rhyming than for rhyming pairs. Finally, better performance on the control paperand-pencil test tended to be correlated with greater Laterality effect on the experimental task.
The analysis comparing deaf participants and their hearing controls revealed main effects of Laterality, F ð1; 26Þ ¼ 7:45; p < :05, and of Response, F ð1; 26Þ ¼ 7:69; p < :05. There was no main effect of Group, F ð1; 26Þ < 1. There was a significant Laterality by Group interaction, F ð1; 26Þ ¼ 7:80; p < :05, demonstrating that the Laterality effect was not the same for the two groups. Further analyses indicated that hearing participants showed significantly more correct responses in the RVF compared to the LVF, F ð1; 13Þ ¼ 14:78; p < :01, while deaf participants did not, F ð1; 13Þ < 1. The Response by Group interaction was not significant, F ð1; 26Þ < 1. The Laterality by Response interaction was significant, F ð1; 26Þ ¼ 29:15; p < :001, while the Laterality by Response by Group interaction was not, F ð1; 26Þ ¼ 2:52; p ¼ :12. Planned comparisons showed that there was a significant main effect of Laterality, F ð1; 26Þ ¼ 17:89; p < :001 for rhyming responses, and no Laterality effect, F ð1; 26Þ < 1 for non-rhyming responses. The correlations between the Laterality effect on rhyming responses and the performance at the paperand-pencil rhyming task was not significant, rð28Þ ¼ :30; p > :10.
To sum up, both groups of deaf and hearing participants showed better accuracy for non-rhyming than for rhyming responses. While hearing controls showed an LH advantage for rhyming responses, deaf participants did not. Note that the absence of Laterality effect in the deaf students cannot be ascribed to a floor-effect. Indeed, the performance of the deaf CS-users was above chance level in all conditions, but one (''yes'' responses in LVF) and this was also the case for their hearing controls who showed the Laterality effect. Table 5 shows the mean percentage of correct responses for ''yes'' and ''no'' responses, for each visual hemifield, and for the hearing adults and children (upper section) and the deaf CS users and their hearing controls (lower section). Ninety-five percent confidence intervals (25) 66 (22) have been computed around each of these means. All these intervals excluded the 50% value, corresponding to chance leve1, but two (''no'' responses in RVF and LVF in hearing children). The ANOVA on the data of hearing adults and hearing children revealed a significant main effect of Group, F ð1; 48Þ ¼ 37:67; p < :001: adults responded more accurately than children (M: 81% versus 61%, respectively). The main effects of Laterality and Responses were not significant. None of the interactions were significant. There was no significant correlation between the Laterality effect and any of the control measures (Lobrot reading score and age).
Visual task
To sum up, there is an absence of any VF advantage in the visual task. The absence of Laterality effect could not be due to floor effect, because the performance was above chance level in all conditions for all groups, except for ''no'' responses by hearing children.
The ANOVA on the data of the deaf CS users and their hearing controls revealed no effect of Laterality, F ð1; 26Þ < 1, no effect of Response, F ð1; 26Þ < 1, and no effect of Group, F ð1; 26Þ < 1. No significant Laterality by Group interaction, F ð1; 26Þ < 1, Response by Group interaction, F ð1; 26Þ < 1, Laterality by Response interaction, F ð1; 26Þ ¼ 1:70; p > :05, or Laterality by Response by Group interaction was observed, F ð1; 26Þ < 1. No significant correlations were obtained between the measure of Laterality effect and any of the control variables.
Comparison of the rhyming and the semantic conditions
If the RVF advantage indicates that the left hemisphere is better at linguistic processing, one could expect to detect a relationship between the Laterality effect observed in the semantic task and that observed in the rhyme task. For hearing adults and children considered together, this correlation narrowly reached significance level, rð49Þ ¼ :28; p < :05. This indicates that the larger the Laterality effect in the rhyme condition, the larger the Laterality effect in the semantic condition. However, there was a large dispersion. On matched groups of deaf CS-users and hearing subjects, the correlation was almost nil, rð28Þ ¼ :02. The same correlation was computed separately for the two sub-groups. For the hearing controls, the correlation, although not significant, was in the expected direction: rð14Þ ¼ 0:49; p ¼ :08. However for the deaf CS users, the correlation was in the opposite direction, rð14Þ ¼ À:41, although not significant ðp ¼ :14Þ.
To sum up, while hearing subjects showed the expected relationships between the Laterality effects observed in the semantic and the phonological tasks, the deaf participants did not. In this latter group, the Laterality effect observed in the semantic task does not seem to be linked from that observed in the rhyme task.
Control tasks
A summary of results on control tasks is presented in Table 2 . Among hearing adults and children, all measures were highly correlated with age (all p's < :005). The partial correlation analysis, after controlling for the effects of age, showed the following significant correlations between control tasks : Lobrot with rhyme paper-and-pencil ðr ¼ :38; p < :01Þ, and with semantic paper-and-pencil ðr ¼ :33; p < :05Þ; lexical decision with rhyme paper-and-pencil ðr ¼ :36; p < :05Þ; Lobrot with lexical decision ðr ¼ :65; p < :0001Þ. All differences between hearing adults and hearing children were significant (all p's < :05 at least). Table 2 also shows the results on control tasks of deaf participants and their hearing controls. The two groups did not differ in age, Lobrot test, lexical decision, rhyme and semantic paper-and-pencil control tasks (all p's > :15 at least). Significant Pearson correlations were obtained between the Lobrot reading test and performance on the paper-and-pencil semantic task ðr ¼ :39; p < :05Þ between the Lobrot test and age, r ¼ :39; p < :05, and between the Lobrot test and the lexical decision test, r ¼ :67; p < :001. When age was partialled out, only the correlation between the Lobrot test and the lexical decision test remained significant, r ¼ :65; p < :001.
Discussion
The present study was designed to investigate hemispheric specialization for semantic and phonological processing of written words in a sample of deaf, proficient readers who were exposed to CS, and in hearing controls, selected from larger groups of hearing children and adults. In a visual hemifield paradigm, three tasks were used: a rhyme task, a semantic task, and a visual task. For the rhyme and semantic tasks, an RVF advantage, interpreted as a left hemispheric superiority, was expected for hearing participants. For the visual task, no left hemispheric superiority was expected. The main question was whether this pattern of results would also emerge for the deaf group. We will begin by discussing the effects observed on hearing participants, including the interaction between Laterality effect and Response that appeared in the two linguistic tasks. We will then discuss the similarities between deaf and hearing subjects observed in the semantic task, and the differences in the rhyming task. Finally, we will suggest possible directions for future research.
Before that, it seems necessary to discuss the fact that accuracy levels are sometimes close to chance levels, and whether this may explain the absence of Laterality effects in some conditions. From the confidence interval analysis, it appeared that the conditions where the performance could not be distinguished from chance level were those in which a ''yes'' response was required to a target appearing in the LVF in the linguistic tasks (hearing children in the semantic task, deaf CS-users and hearing controls in the rhyme task) and a ''no'' response to targets in both hemifields in the non-linguistic task (hearing children in the visual task). It seems thus safe to suggest that the difficulty to process and answer positively to targets in the LVF was specific to linguistic processing, and not general across all conditions (because it did not appear in the visual task). Moreover, the absence of Laterality effects did not seem to be related to ''floor effects,'' because hearing controls did show a Laterality effect in the rhyme task, while deaf CS-users did not, while both groups performed at chance level on the ''yes'' responses in the LVF. Our Laterality effects (or absence of Laterality effect) could thus be interpreted with a reasonable amount of degree of confidence.
The first major result from this study is the observation of an RVF advantage in hearing individuals in the semantic and rhyme tasks, while no consistent Laterality effect appeared in the visual task. The RVF advantage in the two tasks requiring linguistic processing is consistent with an interpretation in terms of left hemispheric superiority. Indeed, the absence of Laterality effect in the visual task demonstrates that neither the fact that the stimuli were letters, nor the necessity to retain the first sequence in order to make the yes/no decision, were sufficient to explain the Laterality effect in the semantic and in the rhyme tasks. It also renders the scanning habit interpretation of the Laterality effect improbable. Indeed, if the scanning habit was at the root of the Laterality effect observed in the rhyme semantic tasks, an RVF advantage would also have appeared in the visual task. This was not the case (see Jordan et al., 2000 for a more detailed discussion on this point).
Besides the global RVF advantage, the semantic and the rhyme tasks differed in some aspects. First, an interaction between the Laterality effect and Response occurred in both tasks; however, the Laterality effect was significant both for ''yes'' and ''no'' responses in the semantic task, but only on ''yes'' responses in the rhyme task (see Rayman & Zaidel, 1991 for similar results in a rhyme task). Second, the accuracy rate was similar for ''yes'' and ''no'' responses in the semantic task, while a larger amount of correct responses for ''yes'' than for ''no'' decision appeared in the rhyme task (see Grossi et al., 2001; Rayman & Zaidel, 1991 for similar results). What explanations could be offered for these differences? As RVF advantage indexes the superiority of the left hemisphere for language processing, the data suggest that the linguistic processing of the semantic information occurred for ''yes'' as well as for ''no'' responses in the semantic task. One needs to access the lexical representation to decide that two words belong to the same category as well as to decide that two words do not belong to the same category. In that situation, the left hemisphere is involved, with the same accuracy, in the ''yes'' decision as in the ''no'' decision. In the case of the rhyme task, access to the phonological representations of words is needed in order to decide that the two words rhyme. Indeed, a comparison of the vowel and the following consonant is needed for the ''yes'' response. A more superficial level of processing could perhaps be used in order to decide that two words do not rhyme, because detecting one difference (in the vowel or in the following consonant) is sufficient. Subjects could also reject pairs as non rhymes by detecting orthographic differences at the end of the words. The present data thus suggest that the right hemisphere is able to judge that two words are not rhyming as efficiently as the left hemisphere, while it is less efficient with regard to the analytical process required for judging that two words are rhyming.
For both the semantic and the rhyme task, the Laterality effect was stable across the age/reading level groups included in this study, suggesting that the neural systems involved in semantic processing as well as in the matching of phonological information for written words have already reached a mature organization by the age of 11 (see Grossi et al., 2001 for similar data on a rhyme task).
The second major result from this study concerns the comparison between deaf participants and hearing controls matched as closely as possible with the deaf on age, sex, and linguistic skills. In the semantic condition, results from deaf and hearing participants were indistinguishable. To our knowledge, few, if any, studies have found comparable Laterality effect for age-matched deaf and hearing controls, and this is the first evidence of left hemisphere specialization for semantic processing of written language in deaf people exposed to CS. The present results suggest that similar cerebral systems were employed by hearing and deaf participants in semantic processing, which is minimally affected by the modality (visual vs. auditory) of early linguistic experience. They parallel Neville et al.Õs (1992) data showing similar cortical electric activity in response to content written words in hearing subjects and in deaf people who are native signers. They are also compatible with NevilleÕs claim that the acquisition of competence in the grammar of language is determinant in establishing the specialization of the left hemisphere for language.
In the rhyme task, an interaction between Laterality effect and Groups was observed. While hearing controls displayed an RVF advantage for the ÔyesÕ responses, deaf participants did not. The absence of left hemisphere superiority in deaf CS users is striking for two reasons. First, these subjects achieved a high level of rhyming, as attested by their high performance on the paper-andpencil control task in the present study, as well as by previous reports of good rhyming abilities in deaf CS users (Charlier & Leybaert, 2000; La Sasso et al., in press) . Second, studies performed in normally hearing subjects using PET (D e emonet et al., 1992, 1994) or fMRI (Fiez, 1997) have shown that phonological tasks induce strongly lateralised responses within the predominant hemisphere, within the cortical regions located around the Sylvian fissure, while the semantic component of word semantic judgment tasks is known to induce more bilateralised responses.
It is possible that the rhyme task recruited neural resources differently in hearing and in deaf students. In hearing subjects, reading words is an ability grafted upon an acquired spoken language. Word reading elicit an activation of the primary auditory cortex, a region involved in the most basic aspects of auditory processing (Haist et al., 2001 ). The brain regions most commonly activated in functional imaging studies of normal readers using various rhyming tasks are left-hemisphere inferior frontal cortex (BA 44 and 45, BrocaÕs motor areas), the left inferior temporal gyrus (BA 37), and the left supramarginal gyrus (BA 40) (Price, 1997) . For deaf CS users, word reading is grafted upon an acquired visual language, made of lip movements and hand cues. From other studies conducted in our laboratory, we know that the perception of linguistic stimuli delivered in CS is leftlateralised, particularly in participants who were exposed to CS early and intensively (Leybaert & Alegria, 2003; Leybaert & DÕHondt, 2003) . But we donÕt know yet which brain areas are activated during the perception of CS, nor during the processing of written words by CS users. While hearing children can use additional (auditory) information to determine whether two visually presented stimuli rhyme, CS users may also use additional information, related to the cues they have attached to these lexical items, when learning these words (see Leybaert & Lechat, 2001a) . Given the difference between deaf and hearing students in the sensory information that gives rise to phonology, it is possible that the task of rhyme judgment elicit less activation of the left hemisphere auditory cortex in deaf students than in hearing ones. There is some data from connected research suggesting that the areas activated during speech-reading perception are not as left-lateralized in deaf people as they are in hearing people. MacSweeney et al. (2001) found that a group of congenitally deaf whose first language was spoken English showed significantly less left temporal activation than a group of hearing, when performing a simple speech-reading number task. They concluded that ''hearing speech helps to develop the coherent adult speech perception system within the lateral areas of the left temporal lobe'' (p. 437). It is thus possible that early experience with a visual language rather than an auditory one has an impact on the lateralization in processing sub-lexical units of the language. Imagery studies of the cerebral regions activated in CS users performing rhyming tasks, or more classical phonological loop tasks, and even reading tasks are necessary to test this hypothesis (see Eden, Cappell, La Sasso, & Zeffiro, 2001 for a first attempt).
In conclusion, our data provide evidence of distinct effects of early language experience on the development of brain processes involved in semantic and phonological decisions. The indices of left hemisphere specialization for semantic processing of written words, similar in deaf, proficient readers who have been exposed to CS and in their hearing controls suggest that semantic processes housed in the left hemisphere develop independently of the nature of the early linguistic experience. By contrast, the absence of left hemisphere superiority for rhyme processing in deaf CS users suggests that the neural systems involved in rhyming tasks change their organization as a function of the first linguistic experience. More research, involving brain imagery, is needed to gain a clearer picture of lateralization of different language processes in relation to the nature of language experience.
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B.1.2. Material and procedure
The material was the same as that used in the main experiment. The procedure was also similar except that the order of responses was constrained. Each trial was composed of a central stimulus presented in the center of the screen for 1500 ms, after which an asterisk appeared in the center of the screen for 1000 ms. The asterisk was then replaced by a digit (6, 4, or 2), and a word was presented simultaneously on its left or right, randomly, for 175 ms. The participant had 2000 ms, to respond with a key press to the lateral stimulus. Subsequently, a message instructed the participant to repeat the digit. The interstimulus interval was 3000 ms. Participants were encouraged to respond as quickly and as correctly as possible to the lateral stimulus.
B.2. Results and discussion
Mean accuracy was calculated for ''yes'' and ''no'' responses in the two visual hemifields, for the three tasks (see Table 6 ). Items for which the digit was not correctly reported were excluded from statistical analyses. These represented 3% in the semantic task, and 2% in the rhyme and the visual condition. Two by two analysis of variance with repeated measures was conducted on accuracy for the three tasks, with Laterality (RVF and LVF) and Response (''yes'' and ''no'') as within factors.
In the semantic task, a Laterality effect, F ð1; 21Þ ¼ 14:27; p < :01 was observed; the Response effect did not reach statistical significance, F ð1; 21Þ ¼ 3:40; p ¼ :08. There was no Laterality by Response interaction, F ð1; 21Þ ¼ 2:33; p > :05, meaning that the Laterality effect did not differ for ''yes'' and ''no'' responses. In the rhyme task, significant Laterality and Response effects were observed, F ð1; 21Þ ¼ 11:01; p < :01, F ð1; 21Þ ¼ 18:11; p < :0001, respectively. The Laterality by Response interaction was significant, F ð1; 21Þ ¼ 26:21; p < :0001, showing a consistent RVF advantage on ''yes'' responses and no reliable hemifield difference on ''no'' responses.
In the visual task, no Laterality effect was observed, F ð1; 21Þ < 1. There was a significant effect of Response, F ð1; 21Þ ¼ 6:21; p < :05. The Laterality by Response interaction was not significant, F ð1; 21Þ ¼ 2:23; p > :05.
In conclusion, the patterns of Laterality effects on accuracy observed when response to digit is delayed from the response to the lateral stimulus mainly replicate those observed in the main experiment, which can therefore not be attributed to of the response to the digit and to the lateral stimulus being confounded. 
